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ABSTRACT: Amphiphilic organic compounds that accumulate naturally on the
outermost layers of aqueous aerosols totally change the mechanisms involved in the
uptake and reactions of volatile organic compounds adsorbed on the surfaces. By means of
mass spectrometry of aqueous microjets, we examined how quaternary alkylammonium
cations Me(CH2)n−1N

+Me3 (n = 1, 4, 8, 10, 12, and 14) and nonionic octan-1-ol influence
acid-catalyzed oligomerization of gaseous isoprene (ISO) at the air−water interface. The
oligomerization is initiated by proton-transfer (PT) reaction from an interfacial
hydronium ion to isoprene to form a (ISO)H+ and is subsequently followed by chain-
propagation (CP) reaction to form (ISO)m≥2H

+. We found that although the total mass
spectral signals of (ISO)mH

+ products were suppressed by the presence of either the
alkylammonium cations or octan-1-ol, the suppression by the former surfactants was much
larger than that of the latter. The suppression was observed even at aqueous microjets of 5
μM equimolar solution of the alkylammonium cations at which the air−water interface is
only sparsely occupied by the alkylammonium cations. We propose that electrostatic
repulsions between the alkylammonium cation and the interfacial H3O

+ cause the hindrance of the PT reaction. In contrast, the
subsequent CP reactions were not suppressed by the presence of either the alkylammonium cations or octan-1-ol. We suggest
that the presence of long-chain organic surfactants hinders the initial PT reaction but hardly suppresses the subsequent CP
reaction. Our study has revealed hitherto unrecognized interface-specific roles of surfactants that affect multiphase chemistry in
the atmosphere.

■ INTRODUCTION

Amphiphilic organic surfactants and specific ions accumulate
naturally on the surfaces of environmental and biological
aqueous media. Organic surfactants, such as fatty acids (e.g.,
C8−C24 carboxylic acids), cover the outermost layers of the
surfaces of the oceans and of freshly emitted sea-spray
aerosols.1 Aerosols collected in coastal areas contain anionic,
cationic, and nonionic (neutral) surfactants that might enhance
the formation of clouds.2 These organic surfactants might also
control the mechanisms of uptake and subsequent reactions of
reactive gases on/in aqueous particles or droplets. In fact, the
kinetics of multiphase reactions have been found to be highly
sensitive to the compositions of the surfaces involved.3−7 For
example, studies on the photoemission of iodide from aqueous
surfaces showed that ionic surfactants attract oppositely
charged ions from the bulk to the air−water interface, thereby
enhancing the reaction while pushing equally charged ions into
the bulk liquid.7 It has been suggested that electrostatic
interactions are key to understanding reactions at interfaces
covered by ionic surfactants. An experimental study has shown
that the presence of octanoic acid on the surface of an aqueous
solution decreases the rate of heterogeneous ozonation of
pyrene, whereas the presence of octan-1-ol accelerates it.5 The
latter process might be facilitated by enhanced uptake as a
result of hydrophobic interactions between octan-1-ol and

O3(g), demonstrating that attractive forces between surfactants
and adsorbed molecules play key roles in chemical reactions at
surfaces. The complexity of the interplay of surfactants,
electrolytes, and gaseous reactants has led to a lack of
molecular-level information on how organic surfactants control
multiphase reactions involving gases, liquids, and their mutual
interfaces. In particular, the ways in which the hydrophobicity
(e.g., the alkyl chain length) and the ionic charges of
surfactants, reactants, and products affect interfacial reactions
are critically important because these factors are directly
related to changes in many of the physical properties of aerosol
particles or droplets, which in turn affect the fates of reactive
gases and their ability to induce the formation of clouds.8−10

We have developed a technique for interface-sensitive mass
spectrometry of aqueous microjets that permits the inves-
tigation of reactions at the air−water interfaces under ambient
conditions. When reactive gases are exposed to a microjet
within ∼10 μs in a spraying chamber, intermediate products
such as carbocations can be directly detected by the mass
spectrometer.11,12 The unique features of our method that are
differentiated from conventional electrospray ionization mass
spectrometry13 are discussed in the Experimental Section and
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elsewhere.14,15 Using this method, we have investigated several
aspects of carbocation chemistry at the air−water interface. We
found that a less hydrated hydronium species (H3O)

+(H2O)x<6
that is formed in the topmost layers of a water surface of bulk
pH < 4 can transfer a proton (H+) to a gaseous unsaturated
hydrocarbon of higher proton affinity (e.g., isoprene) to form a
carbocation; we named this the proton-transfer (PT)
reaction:16,17

+ → ++ +ISO(gas) H O (int) (ISO)H (int) H O(int)3 2
(R1)

where (int) indicates a species that is present at the air−water
interface.
The resulting carbocation can further induce oligomerization

through a chain-propagation (CP) reaction (R2) to form
products of greater mass:16−19

+ →

≥

+
+

+

m

(ISO) H (int) ISO(gas) (ISO) H (int)

( 1)
m m 1

(R2)

Because these oligomeric products are far less volatile than
ISO, reactions R1 and R2 on aqueous surfaces (Scheme 1)
might contribute to the formation and growth of secondary
organic aerosols.20−22

Here, we report our investigations on the effects of cationic
and nonionic organic surfactants on reactions R1 and R2. We
chose alkyl(trimethyl)ammonium cations (RN+Me3) and
nonionic octan-1-ol as surrogates for environmentally relevant
surfactants. The quaternary ammonium cations are sufficiently
surface-active and are chemically inert. When mass-spectral
signals for (ISO)mH

+ and RN+Me3 as functions of various
experimental parameters (e.g., concentrations) are detected,
the interface-specific effects of surfactants on the mechanisms
of reactions R1 and R2 were elucidated. We also performed a
systematic investigation of the competitive adsorption of
octan-1-ol and RN+Me3 ions of various chain lengths at the
air−water interface in the absence of ISO(g). The present
study revealed hitherto unrecognized interface-specific roles of
surfactants that might have effects on multiphase chemistry in
the atmosphere.

■ EXPERIMENTAL SECTION
The carbocationic oligomerization of ISO in the presence of
surfactants at the air−water interface was studied by using an
experimental setup that we described before and is summarized
in the Supporting Information (section 1 and Figure S1).14 In
our setup, the microjet issuing from the grounded nozzle
source was orthogonal to the polarized inlet to the mass
spectrometer (Figure S1A). In this configuration, the mass
spectrometer preferentially detects ions originating from the
thin interfacial layers of the microjet, whereas its core falls into
the sink.14 Microjets with a pH controlled by HCl were
injected into the spraying chamber of a mass spectrometer
(Agilent 6130 Quadrupole LC/MS Electrospray System)
continuously flushed with N2 gas (1 atm, ∼298 K). The rate

of injection of the aqueous solution was fixed at 100 μL min−1

by a syringe pump (Harvard Apparatus). ISO(g) was
introduced into the spraying chamber by a carrier flow of
ultra-high-purity N2 (>99.999%) that was passed through neat
ISO(l) in a glass trap kept at 298 K by immersion in a
temperature-controlled water bath (Figure S1A). In this study,
the exposure value E is defined as E = [ISO(g)] × τ, where
[ISO(g)] is the concentration of ISO in the gas phase and τ is
the contact time with the microjet (∼10 μs). A typical value of
E in the present study was 2.0 × 1012 molecules·cm−3·s. The
gas flow rate was regulated by means of a calibrated digital
mass-flow controller (MFC; Horiba, STEC, SEC-400 Mark 3).
We assumed that the carrier gas in the glass trap was saturated
with ISO(g) at its equilibrium vapor pressure (7.3 × 104 Pa at
298 K).
The mass spectra were first measured in scan mode in which

the value of m/z was changed over a constant time interval in
the range m/z = 50−1000 and were subsequently measured in
a selected-ion mode, in which target ions were selectively
detected with high sensitivity. The conditions used in the
present experiments were as follows: drying nitrogen gas flow
rate, 12 L/min; drying nitrogen gas temperature, 340 °C; inlet
voltage, −3.5 kV relative to ground; fragmentor voltage, 60 V.
Aqueous solutions were prepared by using purified water
(resistivity ≥18.2 MΩ·cm at 298 K), obtained from a Millipore
Milli-Q water-purification system, together with aqueous HCl.
Isoprene (Tokyo Chemical Industries; >99%), tetramethylam-
monium chloride (Tetra MAC, Tokyo Chemical Industries;
>98.0%) butyl(trimethyl)ammonium chloride (Butyl TMAC,
Combi-Blocks; >98%), octyl(trimethyl)ammonium chloride
(Octyl TMAC, Tokyo Chemical Industries, >98.0%), decyl-
(trimethyl)ammonium chloride (Decyl TMAC, Tokyo Chem-
ical Industries, >98.0%), dodecyl(trimethyl)ammonium chlor-
ide (Dodecyl TMAC, Tokyo Chemical Industries, >98.0%),
tetradecyl(trimethyl)ammonium chloride (Tetradecyl TMAC,
Tokyo Chemical Industries; >98%), and HCl (Wako, 1 N; or
Sigma-Aldrich; 37% solution) were used as received.

■ RESULTS AND DISCUSSION
Effects of Alkylammonium Cations on the Proton-

Transfer (PT) and Chain-Propagation (CP) Reactions.
The cationic oligomerization induced by PT and CP
reactions16,18 in the presence of alkyl(trimethyl)ammonium
cations was investigated. Figure 1 shows positive-ion mass
spectra of aqueous microjets at pH 2.02 ± 0.02 exposed to
ISO(g) at E = 2.0 × 1012 molecules·cm−3·s in the absence or
presence of a 50 or 250 μM equimolar (equal molar) mixture
of six alkylammonium chlorides [Tetra MAC (n = 1), Butyl
TMAC (n = 4), Octyl TMAC (n = 8), Decyl TMAC (n = 10),
Dodecyl TMAC (n = 12), and Tetradecyl TMAC (n = 14)].
Exposure of ISO(g) to the microjets produced mass signals at
m/z = 69.1, 137.1, 205.2, 273.3, 341.3, 409.4, 477.5, 545.5, and
613.6, corresponding to (ISO)mH

+ (m = 1−9) products,
respectively; this result was consistent with previous reports.16

In the presence of the ammonium surfactants, six positive-ion
peaks appeared at m/z = 74.2, 116.2, 172.2, 200.3, 228.3, and
256.3; these corresponded to Me(CH2)n−1N

+Me3 (n = 1, 4, 8,
10, 12, 14), respectively, and were accompanied by a decrease
in the strength of the (ISO)mH

+ signals. The signals for the
ammonium surfactants were also suppressed by exposure to
the ISO(g) [see SI, section 2 and Figure S2], implying a
competitive interfacial adsorption of ammonium surfactants
versus (ISO)mH

+ at the air−water interface. The total signals

Scheme 1. Schematic Representation of Carbocationic
Oligomerization of ISO by (R1) and (R2)
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for (ISO)mH
+ were suppressed by the presence of the

alkylammonium cations (Figure 1).
Figure 2A shows a plot of the signals for (ISO)mH

+ as a
function of the concentration of the equimolar solution of the
six ammonium chlorides in the range 50−5000 μM. Clearly,
the addition of greater quantities of the alkylammonium
chlorides suppressed the total signals for (ISO)mH

+. For
example, the strength of the total (ISO)mH

+ signal in the
presence of 5 μM equimolar alkylammonium compound
mixture was reduced by ∼6% of that observed in the absence
of these surfactants. This observation showed that the PT
reactions were hindered by the alkylammonium cations at the
equimolar solution of 5 μM.
Figure 2B shows the relative signals for each (ISO)mH

+

product, expressed as χm = Im/(ΣIi) where Im is the signal
intensity of (ISO)mH

+ and ΣIi is sum of the signals arising from
(ISO)mH

+, as a function of the concentration of the equimolar
solution of the alkylammonium chloride. χm did not show a
selective suppression of the larger (ISO)mH

+ that are produced
by repeating CP reactions. We therefore considered that the
CP reactions were not hindered by the alkylammonium cations
even at the equimolar solution of 5 mM. Interestingly, χm was
influenced by the alkylammonium chlorides in a specific way;
χ1≤m≤4 decreased, whereas χm=6 increased at larger concen-
trations. Note that the signal for (ISO)H+ was weak (Figure
2B), but nevertheless decreased as a function of the
concentration of the equimolar solution; the presence of a
1000 μM equimolar solution reduced the signal by 91%. We
attribute this observation to competitive interfacial adsorption
of Me(CH2)n−1N

+Me3 instead of (ISO)mH
+; that is, the

number densities of the (ISO)mH
+ molecules at the air−water

interface are specifically influenced by Me(CH2)n−1N
+Me3 in a

manner dependent on the carbon chain length (i.e., n and m).
This indirectly demonstrates that the adsorbed surfactants are

interacting with the propagating (ISO)mH
+ at the air−water

interface of the aqueous microjets.
The interfacial concentrations, Γ, of surfactants could be

estimated as follows,23

π
Γ =t

Dt
C( ) 2 b (1)

where D is the diffusion coefficient and Cb is the bulk
concentration. Here, we assumed that the surfactant
adsorption is the diffusion-controlled process, and the
desorption of surfactants from the air−water interface to the
bulk and the curvature of the droplet are negligible. When we
adopted D = 8.2 × 10−10 m2 s−1 from Dodecyl TMAC,24 Cb =
1.8 × 1022 molecules m−3 (corresponding to 5 μM equimolar
solution), and t = 1 × 10−5 s, we derived Γ10μs = 1.9 × 1015

molecules m−2, which corresponds to the surface area per a
molecule A = 526 nm2 and their mean distance 23 nm. This
estimation suggests that the surface is only sparsely covered by
the alkylammonium cations. However, Figure 2A showed that
the PT reaction was hindered even at such a diluted aqueous
surface, implying that the long-range force, e.g., electrostatic
repulsion, induced the competition at the air−water interface
and hindered the PT reaction. We have additional evidence
that the interfacial adsorption of smaller ions such as
H3O

+(H2O)x<6 and (ISO)m≤4H
+ are more effectively hindered

by larger surfactants (see below).

Figure 1. Positive-ion mass spectra of 0 μM (gray), 50 μM (red), and
250 μM (blue) equimolar solutions of the quaternary ammonium
chlorides microjets with a pH adjusted to 2.02 ± 0.02 exposed to
isoprene gas at E = 2.0 × 1012 molecules·cm−3·s. The mass spectra are
measured in the selected-ion mode. The signals at m/z = 69.1, 137.1,
205.2, 273.3, 341.3, 409.4, 477.5, 545.5, and 613.6 corresponded to
(ISO)mH

+ (m = 1−9), respectively, and those at 74.2, 116.2, 172.2,
200.3, 228.3, and 256.3 corresponded to Me(CH2)n−1N

+Me3 (n = 1,
4, 8, 10, 12, and 14), respectively. The inset shows zooming-in mass
spectra at m/z 525−650.

Figure 2. (A) Sum of the positive-ion signals from (ISO)mH
+ (black

squares) and the quaternary ammonium cations (red circles) with
increasing equimolar concentrations in solution of the quaternary
alkylammonium chloride. (B) The corresponding signal ratios of
(ISO)mH

+ to the sum of the signals for the isoprene oligomers. The
isoprene gas was exposed at E = 2.0 × 1012 molecules·cm−3·s to
microjets with a pH adjusted to 2.02 ± 0.02.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b07380
J. Phys. Chem. C 2019, 123, 21662−21669

21664

http://dx.doi.org/10.1021/acs.jpcc.9b07380


For 5 mM equimolar solution of alkylammonium cations
(Cb = 1.8 × 1025 molecules m−3), we derived Γ10μs = 1.8 × 1018

molecules m−2 at 10 μs, which is close to Γeq = 2.0 × 1018

molecules m−2 of the equilibrium surface monolayer of
Dodecyl TMAC.25 The surface area per a molecule is
calculated A = 0.54 nm2, corresponding to a mean distance
of 0.74 nm. This estimation suggests that the surface is largely
covered by the alkyl ammonium cations, and the alkylammo-
nium cations and (ISO)mH

+ can mutually contact at the air−
water interface. A study of neutron reflection measurements for
Dodecyl TMA bromide layers revealed that some fractions of
the alkyl chains are parallel to the air−water interface.26 On the
basis of the present experimental observations, we suggest that
the alkyl chains of the surfactants with lengths of 1−3 nm
interact with each other and also with adsorbed isoprene
molecules/carbocations. However, the CP reactions were not
hindered at the aqueous surface largely covered by the
surfactants. We conclude that the competitive adsorption of
the alkylammonium cations and intermolecular interaction
hardly influence the CP reaction rate.
In addition to the molecular diffusion estimated above, a

convective flow in a droplet induced by conflict with
nebulizing N2 gas at 200−300 m s−1 would accelerate the
surfactant adsorption to the air−water interface.27 A simple
estimation predicts that a spherical droplet with 10 μm
diameter is transformed to a hemispherical-like one with
diameter of ∼20 μm in 10 μs, implying a typical convection
velocity of ∼1 m s−1 in such a droplet. In this condition, the
convection will enhance the accumulation of the surfactants to
the air−water interface; thus, the interfacial concentrations will
be higher than that estimated by the molecular diffusion alone.
Our estimates show that competitive surface adsorption of the
surfactants occurs in the present time scale and are consistent
with the relatively large signals of the longer chain alkyl
ammonium cations measured in the positive-ion mass spectra
(Figure 2).
Theoretical calculations revealed that both the initial PT

reaction and the dimerization of ISO are exothermic by ∼30
kcal mol−1 and proceed without barriers,16 indicating that the
oligomerization reactions are diffusion-controlled. Thus, we
conclude that the suppression of the signals for (ISO)mH

+ is
induced by (1) hindrance of the initial PT reaction between
ISO(g) and H3O

+(H2O)x<6 by the ammonium cations at the
air−water interface and (2) by competitive adsorption of
growing (ISO)mH

+ oligomers and the ammonium surfactants
at the air−water interface. The uptake and protonation of
trimethylamine (TMA) at the air−water interface of acidified
water were both hindered by the presence of cationic
surfactant tetrabutylammonium or tetradecyl(trimethyl)-
ammonium ions.28 Electrostatic repulsion between the
alkylammonium cation and the small H3O

+(H2O)x<6 species
pushes the latter into the bulk so that fewer protons are
available in the uppermost layers of the water surface. This
hypothesis was confirmed by the observation that an aqueous
solution saturated with octan-1-ol had negligible effects on the
uptake and protonation of gaseous TMA at the air−water
interface of the water microjet.28 In the present study, we also
tested the effects of a neutral surfactant (octan-1-ol) on the PT
and CP reactions of ISO at an air−water interface, and we
obtained similar results to those observed in the case of TMA
protonation.
Effects of Octan-1-ol on the Proton-Transfer and

Chain-Propagation Reactions. Next, we investigated how

nonionic octan-1-ol (C8H18OH; molecular weight = 130.23)
affects the PT and CP reactions. Water microjets doped with
octan-1-ol over a wide concentration range (1−3000 μM) at
pH = 2.05 ± 0.05 were exposed to ISO(g) at E = 2.0 × 1012

molecules·cm−3·s. Figure 3A shows a plot of the sum of the

(ISO)mH
+ (m = 1−9) signals (ΣIi) as a function of the

concentration of octan-1-ol. We found that ΣIi decreased
slightly by ∼12% in the presence of 3000 μM octan-1-ol. The
extent of suppression is much smaller than that by the
ammonium cations (cf. Figure 2A). At the condition where the
same number of molecules are present as in the bulk (a 500
μM equimolar mixture of the six alkylammonium compounds),
ΣIi decreased by 65%. The observation that the largest
(ISO)9H

+ product was found even in the presence of 3000 μM
octan-1-ol is consistent with the results for the alkylammo-
niums, suggesting that neither cationic nor neutral surfactants
are capable of intercepting the CP reaction under the present
experimental conditions.
Figure 3B shows plots for the ratios of (ISO)mH

+ to the sum
of the signals for (ISO)m≤6H

+ (χm = Im/ΣIi) as a function of the
concentration of octan-1-ol. As a reference, the surface
concentration of octan-1-ol at 1 mM bulk concentration is
reported to be 4 × 1018 molecules m−2.29 From eq 1 where D =
5 × 10−10 m2 s−1,30 and Cb = 3.0 × 1024 molecules m−3 (5 mM
solution), we derived Γ10μs = 2.4 × 1017 molecules m−2 for

Figure 3. (A) Signals from (ISO)mH
+, Im, as a function of the

concentration of octan-1-ol and (B) the ratio of (ISO)mH
+ (m = 1−6)

to the sum of the signals of the isoprene oligomers [χm = Im/(ΣIi)].
The isoprene gas was exposed at E = 2.0 × 1012 molecules·cm−3·s to
microjets with a pH adjusted to pH = 2.05 ± 0.05.
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ontan-1-ol at 10 μs. Corresponding surface area per a molecule
is 4.0 nm2, indicating that octan-1-ol is sparsely populated
when the oligomerization reaction is undergoing. Remarkably,
each fraction was independent of the addition of octan-1-ol
over a wide concentration range. This result shows that
nonionic octan-1-ol barely affects the CP reaction at the air−
water interface, implying that steric hindrance of the
oligomerization process by the alkyl chain alone is negligibly
weak.
To elucidate the entire mechanism for the effect of

surfactants on the uptake and oligomerization processes
observed above, additional investigations on competitive
adsorption of the surfactants at the air−water interface were
performed by using solutions microjets in the absence of
ISO(g).
Adsorption of Alkylammonium Cations and Octan-1-

ol on the Aqueous Surface. We measured the mass spectra
of microjets of equimolar solutions (1−500 μM) of Tetra
MAC (n = 1), Butyl TMAC (n = 4), Octyl TMAC (n = 8),
Decyl TMAC (n = 10), Dodecyl TMAC (n = 12), and
Tetradecyl TMAC (n = 14) over a wide range of
concentrations in the absence of ISO(g). Figure 4 and Figure
S3 show plots of the relative contribution of each
alkylammonium cation to the sum of the signals [χn = Qn/
(Σ Qi)] at equimolar concentrations of 1, 50, and 500 μM.

The corresponding mass spectra for 1, 50, and 500 μM
equimolar solution are shown in the SI, Figure S4. Although
the bulk concentrations were the same, the mass-signal
intensities of the six alkylammonium cations Me-
(CH2)n−1N

+Me3 (n = 1, 4, 8, 10, 12, 14) increased with
increasing chain length (n).31 For example, the signal intensity
of Me(CH2)13N

+Me3 (n = 14) was ∼100 times larger than that
of Me4N

+ (n = 1) obtained from microjets of a 500 μM
equimolar solution (Figure 4; blue triangles). This observation
is in excellent agreement with the proposed bag-breakup
mechanism where the larger, more surface-active ions are
selectively detected by the mass spectrometer (see Exper-
imental Section and Figure S1B). Greater signal intensities for
alkylammonium cations with longer alkyl chains (n ≥ 8) were
observed, even in the case of the 1 μM equimolar solution

(Figure 4; black squares). This result is consistent with the fact
that species with longer alkyl chains have greater interfacial
availability because of their increased hydrophobicity.31,32 We
found that the pH of the microjet did not influence χn in the
range 1 ≤ pH ≤ 6 (SI; Figure S5), thereby excluding any
contribution from H+ and Cl− to the interfacial availability of
the quaternary ammonium cations.
In positive-ion mass spectrum of 1 μM equimolar solution

(black squares in Figure 4), the signal of Tetradecyl TMA is
smaller than that of Decyl TMA (χ10 > χ14). The diffusion
coefficient of the shorter-chain alkylammonium would be
larger than that of the longer-chain alkylammonium.33 This
result implies that the faster accumulation of the shorter-chain
alkylammonium resulted in the smaller signals of the longer-
chain alkylammonium at the very low concentration.
The similar values of χn (χ8 ≈ χ10 ≈ χ12 ≈ χ14) observed at

concentration ranging from 10 to 50 μM equimolar solution
(Figure 4 and SI; Figure S3) implies the presence of similar
surface number densities of the long-chain species (n = 8, 10,
12, 14) at the air−water interface. Notably, although the total
signals for the ammonium cations (the sum of the signals at m/
z = 74.2, 116.2, 172.2, 200.3, 228.3, and 256.3; ΣQi) increased
monotonically as a function of the logarithmic concentration of
the alkylammonium salts (SI; Figure S6), each signal showed
specific behaviors, in that those for the shorter-chain
alkylammonium cations (n ≤ 4) decreased as the alkylammo-
nium salt concentration increased, whereas those for the
longer-chain alkylammonium cations (n = 10, 12, 14)
increased at larger concentrations. For example, the strengths
of the signals for the smaller alkylammonium cations Tetra
MAC (n = 1) and Butyl TMA (n = 4) were halved on changing
the concentration from 1 to 100 μM (SI; Figure S7), which
was not the case for solutions of the individual alkylammo-
niums (SI, sections 2 and 3 and Figures S8−10 for more
details). The plots of mass spectral signals as a function of the
bulk concentration of each alkylammonium showed a
Langmuir adsorption isotherm (Figure S8B). Clearly, the
interfacial adsorption of these alkylammonium cations is
competitive and smaller surfactants have lower interfacial
availabilities than the larger ones. These observations are
consistent with the results of the observed ISO oligomeriza-
tion, where the adsorption of a smaller ion such as
H3O

+(H2O)x<6 and (ISO)m≤4H
+ was more effectively hindered

by larger surfactants. Because the interfacial hydronium ion
H3O

+ has a lower interfacial availability than hydrophobic
Me(CH2)n−1N

+Me3 ions, the PT reaction at the air−water
interface is strongly suppressed (Figure 2).
At larger concentrations (>50 μM), the relative signals

increase as a function of chain length for longer chains (χ8 <
χ10 < χ12 < χ14), implying that the contribution of electrostatic
repulsion between the ammonium cations at the air−water
interface becomes more significant. For the solutions of C2−C8
carboxylate anions, the relative mass spectral signals showed a
similar concentration dependency.31 These results suggest that
electrostatic repulsion is the driving force for the competition
between the ionic surfactants at the larger concentrations.
Note that, in a 500 μM equimolar solution, each
alkylammonium chloride (dissolved at 500 μM) is fully
miscible and the solution is not saturated because the
concentration is much lower than its reported micelle-forming
concentration (e.g., 5 mM for Tetradecyl TMAC).34

From eq 1, surface concentration at 50 μM equimolar
solution is calculated to be Γ ∼ 1016 molecules m−2, which

Figure 4. Plots of the relative contribution of each alkylammonium
cation to the sum of the signals [χn = Qn/(Σ Qi)] at an equimolar
concentration of 1 μM (black squares), 50 μM (red circles), or 500
μM (blue triangles). The signals at m/z = 74.2, 116.2, 172.2, 200.3,
228.3, and 256.3 correspond to Me(CH2)n−1N

+Me3 (n = 1, 4, 8, 10,
12, and 14), respectively.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b07380
J. Phys. Chem. C 2019, 123, 21662−21669

21666

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07380/suppl_file/jp9b07380_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b07380


corresponds to the surface area per a molecule A = 10 nm2.
The distance between the surfactants would be shorter than 10
nm because the surfactants accumulation is also promoted by
the internal convection as shown above. Here, we compare the
molecular distance obtained from eq 1 to the Bjerrum length at
which electrostatic repulsion becomes predominant. The
Bjerrum length is the interionic separation between two
monovalent ions at which their mutual electrostatic energy
equals the average thermal energy expressed as λB = e2/
(4πε0εkT), where e is the charge on an electron, ε0 and ε are
the dielectric constants of a vacuum and the solvent,
respectively, k is the Boltzmann constant, and T is the
temperature. Here, we assumed that the contribution of
counterion Cl− was negligible. The value of ε at the interface
must lie within the range 1 (air) and 78 (bulk water). For
instance, a recent study on a confined 1-nm-thick water film
indicated that ε ≈ 2.35 We obtained λB = 10 nm when we
assumed ε = 6. Such a small ε is predicted for the outermost
layer of the water−hydrophobe interface of <0.2 nm, according
to molecular dynamics simulations.36

Figure 5 shows plots for the mass signals of Me-
(CH2)n−1N

+Me3 (n = 1, 4, 8, 10, 12, 14), normalized by the
mass signal in the absence of octan-1-ol, for 50 μM equimolar
chloride solutions as a function of the concentration of octan-
1-ol in the range 1−3000 μM. The sum of the Me-

(CH2)n−1N
+Me3 signals decreased by 20% in the presence of

1000 μM octan-1-ol, implying hindrance by octan-1-ol of the
ammonium cations. Note that the extent of signal suppression
by octan-1-ol is much less than that induced by the
alkylammonium cations themselves. For example, the absolute
signals for Tetra MAC and Butyl TMA decreased by ∼50%
when their equimolar concentration was changed from 1 to
100 μM (SI, Figure S7). The less-effective suppression by
octan-1-ol is consistent with the result for the oligomerization
of ISO (Figure 2A vs Figure 3A). The attractive force between
the hydrophobic alkyl groups should be less effective. Also,
electrostatic repulsion between neutral octan-1-ol and the
monovalent ammonium cation at the air−water interface
should be much weaker compared to that between the
ammonium cations.37 The weaker signal suppression by octan-
1-ol supports the proposed mechanism that the electrostatic
repulsive force determines the competitive adsorption at the
air−water interface.
Finally, we analyzed how octan-1-ol affects each Me-

(CH2)n−1N
+Me3 component by plotting the changes of each

Me(CH2)n−1N
+Me3 signal from equimolar solutions as a

function of the concentration of octan-1-ol (Figure 5B); η =
Qn/Qn,0 represents the signal for each of the quaternary
alkylammonium ions normalized by that of the octanol-free
solution. Again, we observed a similar effect; the smaller ions
were more hindered by the surfactant. For example, adding 1
mM octan-1-ol to a 50 μM equimolar solution of the six
quaternary ammonium cations decreased the absolute signal
intensities for Tetra MAC (n = 1) and Butyl TMA (n = 4) by
31 and 33%, respectively, whereas those for Octyl (n = 8),
Decyl (n = 10), Dodecyl (n = 12), and Tetradecyl (n = 14)
TMAs decreased by 15, 14, 24, and 22%, respectively. Notably,
signals for cations that have a smaller mass than octan-1-ol
(MW = 130), such as Me(CH2)3N

+Me3 (MW = 116), are
more efficiently suppressed than those of larger cations. These
results show that both neutral and cationic amphiphiles are
adsorbed at the air−water interface in specific and competitive
ways. This result is consistent with the observed suppression of
smaller (ISO)mH

+ by larger alkylammonium ions (Figure 2B).
Krisch et al. reported that addition of butanol to aqueous KI
induced specific suppression of the X-ray photoelectron
spectroscopy signal of I−, which is much more surface-available
than K+, indicating that the neutral surfactant expelled the
hydrophobic anion from the water surface to some extent.38

These researchers also used molecular dynamics simulations to
show that I− partially remains at the outermost layer of the
water surface, even in the presence of an excess of butanol.38

These results are consistent with our experimental result of
moderate suppression of the cation signal by the addition of
octan-1-ol.
Our results suggest that the combined effects of the

electrostatic and hydrophobic interactions modify the com-
petitive interfacial adsorption of reactants and surfactants,
thereby affecting the heterogeneous reactions. At larger
surfactant concentrations, the air−water interface is more
occupied by surfactant molecules, the ion−ion distances
become close, and electrostatic repulsion plays a dominant
role.
It is generally thought that organic surfactants on particles

hinder gas uptake and reactions with solutes in the bulk. For
example, even small concentrations of surface-active sodium
dodecyl sulfate on model organic particles can protect organic
solutes in the bulk from oxidative aging by gaseous OH

Figure 5. (A) Sum of the positive-ion signals from Me-
(CH2)n−1N

+Me3 (n = 1, 4, 8, 10, 12, 14) in 50 μM equimolar
solutions at various octan-1-ol concentrations (ΣQi), plotted as black
squares after normalization by the signal obtained for octan-1-ol-free
solution (η = ΣQi/ΣQi,0). (B) Each signal (Qn) is plotted as an open
symbol (η = Qn/Qn,0).
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radicals.6 However, surfactants can also enhance the uptake of
reactants and their subsequent reactions on a surface. An
experimental study has shown that a monolayer of octan-1-ol
at the air−water interface enhances ozonation rates relative to
those in its absence.5 The researchers attributed this result to
the increased solubility of O3 at the air−aqueous octanol
interface compared to that at the air−pure water interface.5

Our results showed another unique example of the complex
effect of surfactants on heterogeneous reactions in which the
presence of long-chain organic surfactants hindered an initial
PT reaction but hardly suppressed a subsequent CP reaction.
The implication is that once a seed carbocation is formed,
neither cationic nor neutral surfactants intercept the CP
reaction, resulting in the formation on ambient aerosols of
high-molecular-weight compounds of extremely low volatility.
Note that even in the presence of an ambient level of O3(g),
the oligomerization of ISO may proceed as demonstrated in a
previous study.20

■ CONCLUSIONS

We report a mass spectrometric study of the effects of cationic
and neutral surfactants on the mechanism of uptake of gaseous
isoprene (ISO) via proton-transfer (PT) reaction and its
subsequent chain-propagation (CP) reactions at the air−water
interface of microjets. Although the total mass spectral signals
of (ISO)mH

+ oligomer products were suppressed by the
presence of either alkylammonium cations or octan-1-ol, the
suppression induced by the former was much larger than that
produced by the latter. The (ISO)mH

+ signals were reduced by
∼6% for 5 μM equimolar solution of the alkylammonium
cations at which the air−water interface is only sparsely
occupied by the alkylammonium cations. We conclude that the
initial PT reaction is hindered by the long-range forces, for
example, electrostatic repulsion between the cationic surfac-
tants and hydronium. Remarkably, the relative yield of each
(ISO)mH

+ was influenced by the alkylammonium cations in
specific ways; those of the smaller (ISO)mH

+ decreased
whereas those of the larger (ISO)mH

+ increased in the
presence of these surfactants. We therefore infer that CP
reactions are hardly hindered either by the interacting
alkylammonium cations or octan-1-ol. Additional systematic
experiments using aqueous solutions containing a mixture of
these surfactants to study their mutual interactions suggested
that the competitive adsorption between the surfactants and
(ISO)mH

+ induced the greater signals of the larger (ISO)mH
+.

Here, we demonstrated a unique and important role of
surfactants in heterogeneous reactions in which the presence of
long-chain organic surfactants hindered an initial PT reaction
but hardly suppressed a subsequent CP reaction, which may be
relevant to multiphase chemistry in the atmosphere.
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